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Compound Development

During the peroid covered by this report research was continued
to develop satisfactory flame-retardant treatments for cotton fabric.,
Primarily, these investigations involved the continued study of the
polymerization of triallyl phosphate under various conditions and
evaluation of the products obtained. In addition, the synthesis and
screening of other compounds, especially organophosphorus compounds,
were continued,

Kinetics of Solution Polymerization of Triallyl Phosphate .

The study of the benzoyl peroxide initiated solution polymer-
ization of triallyl phosphate has been completed. The rate of intra-
molecular reaction was investigated by determining the iodine number
(available double bonds) in the polymerization of different concentra-
tions of the phosphate ixyéafff-dichloroethyl ether and extrapolating

to zero time.

///(O—CHZ—CH = CH,),

k
O &— P + TAP _ P ) Polymer

O—CHZ-CH—CH2 R

ky
| O=CH~CH = CH,

0 P — O-CHZ—?H-CHZ R
0-CH,-CH-GH,

Rate of propagation = ry = kp[R'_”M]

Rate of intramolecular reaction = r, = kg [R'i

L R 4] ‘

r

2 ki
The results obtained at different concentrations are illustrated
by the expected straisht line in Figure 1, The ratio of ki/kp was

determined to be 0.09,
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Bromoform -~ Triallyl Phosphate Emulsion Polymere

Supplemental studies on the bromoform - triallyl phosphate emulsion
polymer, develoned oy the Southern Regional Research Laboratory, were
concluded. A method for characterizing the polymer, which has proved
less time-consuming than the sol/gel ratio method, was developed. The
procedure involved the determination of the methancl-inscluble fraction
of the emulsion at different reaction times.

The change in density of the emulsion during the polymerization
was determined. A three per cent increase was observed. This increase
was sufficiently great that the course of the polymerization could be
followed and controlled. Figure 2 illustrates the density change and
weight of methanol-insoluble frection as a function of time for a
successful and unsuccessful experiment.

The retention to laundering of cotton khakl fabric treated with
the emulsion polymer was determined. The average per cent of retention
after one laundering of ten samples of fabric with different amounts of
add-on was 80 ¥ 2 per cent.

Thirty experiments with different redox conditions were unsuccess-
ful in the polymerization of bromoferm-triallyl phosphate. Hydrogen
peroxide, potassium persulfate, benzoyl peroxide and cumene hydroper-
oxide were used as initiators with ferrous sulfate as the reducing agent
and sodium pyrophosphate as the complexing agent. In some experiments
sorbose was used to regenerate the ferrous ion. In such a redox polymerizatio

competition between the free radical oxidation of ferrous ion end the

addition of monomer occurs as follows:

[T
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HO +F"'+ k . o"+F+++
2% e I HOe + H e
++ -
HO- + Fe kII HO + Fe+++
—_—

HO. + M kE ) HOMe

1
In the polymerization of methol acrylate
k / = 0.2
e

Allyl polymerization is much slower and requires a higher peroxide
concentration with both reactions favoring the oxidation of ferrous ion.
The presence of bromoform would make a successful redox system even more
unlikely,

Preliminary experiments were completed on the emulsion polymerization
of triallyl phosphate-bromoform with added silicon compounds to improve
the durability and water repellency of treated fabric. The silicon
compounds investigated were vinyltriethoxysilane and sodium silicate. The
emulsions obtained padded very poorly and the durability of the treated

febric to laundering was not improved. This investigation was discontinued,
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Polymerization of Trially) Phosphate in Chloroform.

From previous work on flame retardants the Southern Regional
Research Laboratory proposed that the incorporation of halogen in an
organic flame retardant treatment for cotton fabric reduced the flamme
ability of thc volatile tars produced during thermal decomposition of
the fabric.2 The moderate success of brominated triallyl phosphate as
a flame retardant encouraged this laboratory to investigate various means
of incorporating halogen in polymerized triallyl phosphate.,

The free radical initiated polymerization of triallyl phosphate in
chloroform solution was studied in an attempt to incorporate halogen in
the polymer by a chein transfer process. The rhosphate was polymerized
in an equal weight of chloroform using an amount of benzoyl peroxide
equal to one per cent of the welght of the reactants, The reaction was
stopped when a threefold increase in relative viscosity was obtained,

The change in relative viscosity, reaction mixture temperature and per
cent of conversion with reaction time for a typical experiment are given
in Figure 3a, 3b, and 3c. The chlorine content of the powdered polymer
was approximately two per cent.

Samples of ethylene dichloride solutions of the polymer were syb-
mitted to the Textile Functional Finishes Laborztory, Research and Dev-
€¢lopment Command, Quartermaster Corps, for evaluation. The fire resistance
characteristics of cotton khaki fabric with a 16% add-on were satisfactory,
However, a marked reduction (approximately 60 per cent) in tear strength
was observed., This loss was not restored by the use of Parsplex AL-ITT

plasticizer, 2 Summary of the cvaluation report appears in the following
table .
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TABLE I

Evaluation of Triallyl Phosphate - Chloroform Polymer

Polymer Add-on % Laundry Cycles
0 1 6 9 15

TAP-CHC1, 16% Afterflame, 0 0 0 0 0
(RI-18) (sec.)
Afterglow, 2.0 2.0 300 3.0 LI'.O
(sec.)

Char Length, h,2 4,2 4.1 4.2 5.1
(in.)

Cotton khaki fabric treated with a 21 per cent: add-on of the
polymer also possessed satisfactory fire-resistant properties; however,
the treated sample burned when a match flame was applied. An improvement
in flexibility and tear strength was obtained by working the treated
fabric with a detergent and treating with a softener. The following table
summaries the results of the evaluatior.

TABLE IIX

Evaluation of Triallyl Phosphate - Chloroform Polymer
Laundry Cycles

Polymer Add-on % 0 1 9 15
TAP-CHC1 21% Afterflame 0 0 0 0
(RI-19B9 (scc.)
Afterglow 2 2 2 2
(sec,)

Char length 4.1 4.0 3.8 3.7
(in-)
Modification of the polymer was studied to improve the properties
of the treated fabric (flexibility, tear strength, etc.). The polymer
samples evaluated as indicated in Tables I and II, consisted of higher

molecular weight fractions obtained by repeated washing of the reaction

mixture with petroleum ether until an amorphous solid resulted.
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In one experiment the reaction mixture was precipitated with petroleum
ether and not washed. A gummy product containing low molecular weight
fractions was obtained. In another polymerization the reaction was modified
by adding five per cent by weight of carbon tetrachloride. The low melecular
weight fractions were removed from the produet by repeated working with
petroleum ether to produce an amorphous powder. The three polymers were
applied to cotton khaki fabric and evaluated. As shown in the following

table, no significant improvement in tear strength was observed.
TABLE IIT

Modification of the Triallyl Phosphate~Chloroform

Polymer to Improve the Tear Strength of the Treated Fabric

Precipitated Powdered Polymer Moderated
Polymer Polymer with 5% CClgi

Conversion, % Ls 34 38
Chlorine, % 2.1 2.1 3.4
Retention after 1 laundering, % 95 95 95

Vertical flame test, CL? 3.3 4,3 4,0
Vertical flame test after 3.1 3.5 3.2

1 laundering, CI?

Elmendorf tear strength 36 36 L2
Elmendorf tear strength after L6 39 L2-57

1l laundering

8CL = Char Length (in.)

Triallyl phosphate was polymerized in twice the weight of chloroform
to a threefold increase in original viscosity. The conversion was 52 per
cent., The chlorine content of the powdered polymer was six rer cent.
Cotton khaki fabric treated with this polymer required a 28 per cent add-on

to pass the Vertical Flame Test,
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The polymerization of triallyl phosphete in an equal weight of
chloroform was successfully completed on a semi-pilot plant scale. The
measurement of the relative viscosity as a function of time was effective
as a control measure. The reaction was continued to a threefold increase
in relative viscosity. The unreacted monomer and chloroform were re=-
covered and recycled in the polymerization. The conversion per cycle was
34.36 per cent,

Polymerization of Triallyl Phosphate in soms Halomethanes.

Experiments on the benzoyl peroxide~initiated solution polymerization
of triallyl phosphate in some halomethanes, as chain-transfcr agents, were
completed to prepare a durable flame retardant. Cotton khaki fabric
treated with the products posscssed a soft hand but were not effectively
flame retardant.

Triallyl phosphate was polymerized in an equal weight of carbon
tetrachloride until a threefold increase in original viscosity was observed.
The gummy product (45% conversion) could not be powdered and had a
chlorine content of 14 per cent. Cotton kheki fabric treated with a 20 per

cent add-on of the polymer was not flame resistant.

Triallyl phosphate was polymerized in an equal weight of bromochloro~
methane. The resulting pasty polymer (34% conversion) contained approxi-
mately two per cent halogen. Cotton khaki fabric treated with an 18 - 22
per cent add-on of the polymer was not flame resistant after two launderings.,

The polymerization of triallyl phosphate in bromodichloromethane
produced a gummy product which could not be powdered, The per cent cone
version, based on the phosphate, was high (118%), compared to that obtained
for the polymerization in chloroform (35%), The isolation of a gum in
high yield suggested that the halomethane was participating in an addition

reaction across the allyl group double bonds as well as a chain~transfer

agent.

L
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Kharasch and coworkers3 have reported that polyhalomethanes react

( with olefins, containing terminal double bonds, under the influence of

‘ peroxides to form products containing one or more equivalents of the
olefin to each equivalent of the halomethane. A study of the comparative
reactivity of carbon tetrachloride and chloroform toward an olefin by
Kharasch showed that the main product was the one-to-one addition product
in high yield when carbon tetrachloride was used. A lower yield of the
one-to-one addition product and a considerable amount of polymeric
material was formed when chloroform was used.

’ The triallyl phosphate-chloroform (1:1) polymer (discussed in the

; preceding section of this report) and the triallyl phosphate-~carbon

tetrachloride (1:1) polymer, as prepared in this laboratory, had a halogen

S

content of 1.5-2.1 per cent and 14 per cent, respectively., The former

value indicated a ratio of 2332 triallyl phosphate units per unit of

=

chloroform in the polymer., The latter halogen percentage indicated that
the triallyl phosphate~carbon tetrachloride polymer contained approximately
four units of the phosphate per unit of halomethane. These results
Suggested that chloroform reacted Principally as a chain-transfer agent
whereas carbon tetrachloride added across available allyl group double
bonds during the polymerization process.

From the experimental observations it appeared reasonable to expect
that the polymerization of triallyl phosphate in bromochloromethanes would
provide products of high halogen content and low phosphate~halomethane
ratio with accompaning decrease in the number of double bonds available
for cross-linking on fabric during curing processes. This reduced un-
saturation would result in less durable treatmentsu. In addition, the
treated fabrics would possess a soft hand since less complicated structures
| would result from the further polymerization on fabrics during curing of the

polymer, containing a reduced degree of unsaturation5.




g

exa

R o s

~14-

The benzoyl peroxide-induced polymerizations of triallyl phosphate
in chloroform and bromodichloromethane were repeated, In addition, the
reaction was carried out in bromoform, bromotrichloromethane and combine
ations of each bromochloromethane with chloroform., The amount of un-
saturation in the products obtained was determined by the iodine number.

The products were applied to cotton khaki fabric and screened for flame-
retardant properties,

The polymerization of triallyl phosphate in bromodighloromethane,
bromotrichloromethane and bromoform, respectively, did not produce favorable
fire retardants. The products obtained possessed a higher halogen content,
lower ratio of triallyl phosphate units per halomethane unit and a lower
amount of available unsaturation than was observed for the triallyl
phosphate~chloroform polymer., Cotton khaki fabric treated with the former
products had a soft hand and exhibited poor durability to laundering,
Fabric treated with the latter polymer possessed a stiff hand and relatively

good durability. The results are summarized in the following tables.

[| .
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Diallyl oA -Carbethoxyethyl Phosphate and Diallyl /3 -Bromoethyl Fhos ate.
1 Diallyl.A ~-carbethoxyethyl phosphate was prepared in high yield by
the interaction of phosphorus oxychloride with ethyl lactate and allyl
alcohol. Experiments to polymerize the phosphate in an emulsion medium
failed. Cotton khaki fabric treated with a 25 per cent add-on of this
compound was not flame resistant.

Diallyl /;r'-bromoethyl phosphate was prepared in high yield by the
interaction of phosphorus oxychloride with ethylene bromohydrin and allyl
alcohol. Experiments to polymerize this phosphate in emulsion medium
failed., Cotton khaki fabric treated with a 27 per cent add-on of the

compound was not flame resistant.

5 Miscellanegus Phosphorus - and Nitrogen-containing Compounds as_Possible
i
Flame Retardants.

The reaction of ethylene diamine with rhosphorus oxychloride and
phosphorus pentoxide was studied to obtain water-soluble polymers that
would offer promise as flame retardants when applied with a binding resin
to cotton fabriec., The optimum results were obtained for the reaction of
the oxychloride with an equal weight of the diamine in chloroform solution,
The resulting white polymeric solid was dissolved in water and applied to
cotton khaki fabric with melamine~-formaldehyde resin (Aerotex M-3 resin),
Upon application of the polymer with both an equal weight and double the
weight of binder resin (20% and 17% total add-on, respectively) the treated
fabric samples were not flame resistant after one laundering.

Pelymers formed from the reaction of phosphorus oxychloride with urea,
diethylene triamine and triethylene tetramine were prepared, Cotton khaki

25 ( fabric treated with these products and a melamine-~formaldehyde resin were

} not flame resistant after one laundering,.
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{. In addition, screening tests were completed on the condensation of
ethylene diamine, diethylene triamine and triethylene tetramine with low
molecular weight aldehydes to prepare water-insoluble polymeric flame
retardants. Each of the amino compounds was treated separately with an

equimolar amount of formaldehyde and glyoxal in aqueous solution. Samples

of the resulting solutions were cured at 110° C. Only the mixture of
diethylene triamine with formaldehyde proved promising since the cured

sample was a clear, fairly hard film which was only slightly water-

e g

soluble. However, cotton khaki fabric treated with this mixture and cured

—y

was not flame resistant.

L

The reaction of diethylene triamine with phosphorus oxychloride in

chloroform solution was investigated. The polymeric product was a near

o e .

colorless, amorphous, water-soluble solid. Various mixtures of this
product with melamine~formaldehyde resin and formaldehyde, respectively,
were applied to cotton khaki fabric. The treatments, however, proved
unsatisfactory as durable flame retardants,

The reaction of ethanolamine and phosphorus oxychloride was studied
to yrrepare tri-/?-aminoethyl phosphate. The reaction of such a compound

with formaldehyde (condensation between free amino groups of the ester and

formaldehyde) suggested a possible polymeric flame retardant. However,

I the reaction of the sodium salt of ethanolamine with phosphorus oxychloride

' and the reaction of the amino alcohol itself with the oxychloride in the
presence of pyridine produced only brown, resinous, water-soluble gums,
The application of aqueous solutions of the products and formaldehyde by
single - and double=bath techniques to cotton khaki fabric, followed by

t f T curing and leaching with water, provided a low add-on (2-5%) and failed to

impart flame resistance to the fabric,
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N, N, N~ Triethylenephosphoric Triamide,

During World War II Qerman investigators developed a durable water-
repellent treatment for cotton fabric consisting of the application of N-
octadecyl-Niethylene urea (1)6. The claim was made that this compound
reacted directly with cellulose during curing, forming an ether linkage,
thus explaining the treatment durability.

HO HOH

I u CH )y

2
018H37I:\[1-C-N \CHz + Cel-OH 5 Cl8H37—N-C-N—CH2-CH2-O-Cel

The incorporation of an ethyleneimine grouping in an organnphosphorus
compound was considered as a possibility for providing an effective
permanent flame retardant for cotton fabric. The ease with which the imine
ring is cleaved and condensed with a large number of organic compounds
suggested a similar reaction with cellulose to provide a chemically
modified cellulose,

The polymerization of ethyleneimine itself on cotton fabric was
studied by Church7 and not considered satisfactory as a flame-retardant
treatment. However, the combination of the flame=-retardant property of
phosphorus with the reactivity of the ethyleneimine grouping within a
compound appezred feasible as a possible durable flame-resistant treatment,

A simple prototype of such a compound is N, N: N”, -triethylenephos-~

phoric triamide (II), the preparation of which has been reported pre-

8
viously .
CH,___CH CH
2\ 7 2 . Ppoc) | 2>H ~-P-—30
; 2 3
I1




The triamide was prepared. The crude product was obtained in high
Yield and applied to cotton khaki fabric under different conditions, Fabric
treated with an acetone solution of the crude triamide and cured for 15
minutes at 110° C. (20.7% add-on) had a soft hand but was not flame re-~
sistant after one laundering, With the use of an acetone-~water padding
solution containing the crude triamide and melamine-formaldehyde resin
and subsequent curing for four minutes at 180°C., the treated fabric
(13% add-on) passed the Vertical Flame Test after five launderings (87%

retention). The sample burned when a lighted match was applied,

TABLE VI 4

Results of Vertical F%gme Tests on Cotton Khaki Fabric
Treated with N, N’, N'~ Triethylenephosphoric Triamide

1 Laundering 5 Launderings

Treatment hdd-on  AF® AG® CL° Ret. AF  AG  OL  Ret. AF e oL
(%) (sec.)(sec.)(in.) (%) (sec.)(sec.)(in,) (%) (sec.) (sec.)(in.)
Triamide 20,7 0 o 4 26 30 o pd
Triamide + e
M-F Resin 6.7 28 0 BC
Triamide + £
M~-F Resin 13.1 0 0 3 7] 0 0 3.5 87° o 0 3.4
2 AF - Afterflame, 7 € These samples burned when an
b 43 « afteraiow. | ignited match was applied.
g CL -~ Char Length. T Three seconds AF whcn an
l BC - Burned completely., ignited match was applied.

~ € Seven seconds AF when an
| \ : ignitcd match was applied,

| Further study of the triamide in its application as a flame retardant

for cotton fabric is in progress,




T = T

PSS

e e e

2]

Experimental
Polymerization of Triallyl Phosphate in Chloroform.- A mixture of

740 g. of undistilled triallyl phosphate and 740 g. of chloroform was
heated to reflux in a three-necked 2 1. round-bottomed flask, fitted with
a stirrer, thermometer, 5 ml, pipette and reflux condenser. Benzoyl
peroxide (l4g.) was added to initiate the reaction. The mixture was
heated at reflux. The reaction was followed by temperature change and
the time of efflux of a 5 ml., sample of the reaction mixture (relative
viscosity) from the pipette., A threefold increase in viscosity was
observed after 150 minutes, The flask was then cooled in cold water to
stop the reaction. The mixture was poured into excess petroleum ether;
the precipitated polymeric products were washed 2 few additional times
with petroleum ether to remove low molecular weight products and monomer.
The resulting product was powdered in a Waring Blendor in the presence

of wash solivent and isolated by suction filtration to yield 257 e

(35% conversion) of a white amorphous polymer.

Polymerization of Triallyl Phosphate in Chloroform (Semi-pilot

Plant Scale.-~ A mixture of 10 1. (llkg.) of undistilled triallyl
phosvhate and 7.3 1. (llkg.) of chloroform was heated to reflux in a
three-necked 45 1. round-bottomed flask, fitted with stirrer, thermo~
meter, 5 ml. pipette and reflux condenser. Benzoyl peroxide (215 2.)
was added cautiously., The mixture was heated at reflux until the
viscosity had increased to three times that observed for the mixture
immediately after addition of the peroxide (170 min.). The reflux
temperature decreased from 86° C., observed initially, to 81.7O Ce

The polymeric product from a sample of the reaction mixture was
precipitsted by the addition of petroleum ether. The resulting powdered

product was obtained in 35 per cent conversion.
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The petroleum ether was removed from the washings by distillation at
reduced pressure (65o Cey 14 mm.,), The residue was transferred to a
polymerization apparatus and heated. Chloroform (2,8 kg.) was added slowly
until the reflux temperature of the mixture was 85° C. Benzoyl peroxide
(2C g.) was added. The polymerization required 120 minutes. The con-
version was 34-36 per cent.,

Polymerization of Triallyl Phosphate in Halomethanes.~ The benzoyl

percxide induced solution polymerization of triallyl phosphate in carbon

tetrachloride, bromochloromethane, bromodichloromethane, bromotrichloro-
methane, bromoform and mixtures of some of the above with chloroform were
completed in the manner described for the reaction in chloroform.

Diallyl X -Carbethoxyethyl Phosphate. - Into a three-necked 2 1,
round~bottomed flask, equipped with stirrer, dropping funnel and reflux
condenser were placed 138 g. (0.9 mole) of phosphorus oxychloride and 200 ml.
of dry toluene. The solution was cooled to ~30° Ce., and a solution of
ethyl lactate (108 g., 0.91 mole), pyridine (73 g., 0.92 mole), and toluene
(200 g.) was added dropwise with stirring. The reaction mixture was
stirred for 15 minutes and a solution of allyl alcohol (117 g., 2 moles),
pyridine (160 g., 2 moles)and toluene (200 ml.) was added dropwise with
stirring. Water was then added to dissolve the precipitated pyridine
hydrochloride. The toluene layer was washed successively with water and
5 per cent aqueous sodium carbonate solution and then dried over anhydrous
sodium carbonate. The toluene was removed by distillation under reduced

pressure to yield 163 g. (65%) of the clear crude ester, which could not

be distilled,

L S - -
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Diallyl /7 -Brompethyl Phosphate.=- A mixture of 183 g. (1.25 moles) of i

phosphorus oxychloride and 300 g, of toluene was placed in a three-necked

2 1. round-bottomed flask, fitted with stirrer, dropping funnel and reflux
condenser, and cooled to - 30o C. A solution of 150 g. (125 moles) of
ethylene bromohydrin, 96 g. (1.21 moles) of pyridine and 100 g. of toluene
was then added dropwise with stirring. The mixture was stirred for 15 minutes
and a solution of 180 g. (3.1 moles) of allyl alcohol, 192 g. (2.4 moles) of
pyridine and 150 g. of toluene was then added dropwise with stirring. After
the addition was completed, water was added to dissolve the precipitated
pyridine hydrochloride. The toluene layer was washed with water and 5%
aqueous sodium carbonate solution and dried over anhydrous sodium carbonate.
The toluene was removed by distillation under reduced pressure to yield

277 g. (82%) of the crude ester.

Reaction of Fthylene Diamine with Phosphorus Oxychloride.- To a solution

of 50 g. of phosphorus oxychloride in 200 ml. of chloroform contained in a
three-necked 1 liter round~bottomed flask, equipped with stirrer, dropping
funnel and reflux condenser, was added a solution of 50 g. of ethylene
diamine in 50 ml. of chloroform in a dropwise manner at room temperature
over a period of 30 minutes, The reaction was exothermic and was controlled
by cooling the flask in water. The stirring was continued for an additional
30 minutes at room temperature. Initially the polymeric product separated
as a viscous liquids At the end of the stirring period it had become an

amorphous-like near solid. The yield of product was 70 g.

Reaction of Diethvlene Triamine with Phosphorus Oxychloride. -~ A solution

of 100 g. of diethylene triamine in 450 g. of chloroform contained in a
three~necked 2 liter Morton flask, equipped with high speed Morton stirrer,

dropping tvwmrel and reflux condenser, was heated to reflux.
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Phosphorus oxychloride (61 g.) was added slowly with moderate stirring. The
heat was removed from the flask as the reaction became violent, A near
white viscous material precipitated from the reaction mixture when the
oxychloride was added.

The reaction mixture together with an additional 14 g. of phosphorus
oxychloride was transferred to a Waring Blendor and the polymeric product
powdered. During this process aqueous concentrated hydrochloric acid
solution was added to reduce the PH to 4-6, The resulting amorphous solid
was separated by suction filtration, washed twice with chloroform and dried
in a desiccator under reduced pressure. The yield of near white powder

was 154 g.

N, N’. N”-Triethvlenephosphoric Triamide. - The triamide was obtained in

T X s

51-99% crude yield as an oil according to the procedure of Bestian? who re-
ported the pure product a low melting solid. Experiments to purify the
crude oil by vacuum distillation resulted in rapid decomposition and ex-
plosion.

To 150 g. of a 23% solution of the crude triamide in acetone were
added 150 g. of a 20% aqueous solution of Aerotex Resin UM special and 9 g.
of Aerotex Accelerator UTX solution. A sample of cotton khaki fabric
was treated with this solution (66% pickup), dried at 80° C. for 15-20 min.

and cured at 180° C. for 4 min, The treated fabric Wwas rinsed in cold woter

for 15 min. 2nd dried at 80° C. The per cent add-on was 13.4.
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The Thermal Decomposition of Cellulose

The study of the effects of various treatments on the thermal degradation
of cellulose has been extensive 7, 94 Much of the work was completed in order
to learn more concerning the mechanism of the thermal decomposition of
cellulose since such knowledge would be beneficial in the design of fire
resistant treatments for cellulosi¢ fabrics, However, the mechanism has re-

mained unclear partly because of insufficient fundamental data.

At elevated temperatures cellulose decomposes to produce three main
fractions, a carbonaceous residue (char), a flammable tar distillate and a
volatile fraction containing water and gases}o The properties of these
products has been studied by a number of investigators and the results
have been summarized Oy Hurdlgnd Heuserlz. liarked changes in the ratio of
the three types of decomposition products have been observed by Church13 and
Coppicklu upon treatment of cellulose with various reagents. With the
application of fire retardants an increased formation of the char and
volatile fractions and a decreased amount of tar distillate were observed.
Increase of the water and gas volatile fraction was not considered important
since the same effect was observed by treatment of cellulose with inert
substances. The change in char and tar fractions, however, appeared to be
influenced by application of fire retardants. Several investigations have
been based on the ability of various treatments to effect these changes.

While studies on the over-all changes have been important in attempts
to develop a plausible mechanism for the thermal decomposition of cellulose,
equally important have been the studies on the decomposition reaction rates.
Most of the investigations were completed by Church15 and Coppickléand
included the study of both pyrolysis and combustion reactions. The results
indicated that in an oxidizing atmosphere cotton fabrics decompose in two
exothermic stages17, with the first associated with the breakdown to and

some oxidation of the tar products.

Cotton Fabric + Air —> Heat + Decomposition Produ~ts
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The second step was associated with the oxidation of the charred

residue.

5\

. Char + Air _q#}aseous Products + Heat

Cotton fabrics heated in an inert atmosphere (pyrolysis) were observed
to decompose in a single stage to give char, tar and gaseous products
without heat evolution.

A substantial part of the Quartermaster Corps sponsored research con-
ducted at the University of Rhode Island has been devoted to a study of the
thermal decomposition of cellulose (cotton fabric) under pyrolytic con-

I ditions. Rates of decomposition at different temperatures for untreated
and variously treated fabric samples were investigated. Based upon this
kinetic data and the observations reported in the literature by other

investigators, a mechanism for the pyrolysis has been proposed.

In addition, a study of the insulation to heat provided by some

[ W S

treatments on cotton fabric and that provided by different cotton-~wool
blends has been completed.,

Mechanism of the Pyrolytic Decomposition of Cellulose

The pyrolysis of cotton fabric treated with different compounds was
completed at various temperatures in a study of the effect of the treatments
on the quantity of char formed. The following table summarizes the results

and illustrates the increase in char formation with treatment.,
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TABLE VII

Effect of Various Compounds on Char Formation
in the Pyrolysis of Cotton Khaki Fabric

Per Cent of Char Formed at:

Temp, (°C., 200 250 300 oo 500
y Sample
: Untreated fabric 93.3 43,2 16.6 Wl 4

Fabric treated with:

NH,C1 (10%) 684 514 38.4 30,8
J NH Br (10%) 59.6 5049 39.8 33.3
f NayB,0, +10 H,0(10.2%) 95.6 50,4 37.6 30.7
NaH,PO), *Hp0 (11.2%)  93.0 52.6 Lo.8 4.0
! (MH,), HPO, (9.2%) 1.8 49k 42.5 35.6
NaH003 (7%) 83.3 36.9 27.5 23.6
NayC,0, (6.6%) Mol 38.6 24,9 20.2
CuBrz (7.7%) 59.8 47.1 36.6 29,2
’I‘AP—CHCIB polymer (14%) 64.6 48,1 38.7 31.1
Br poly TAP (19%) 67.5 541 47,0 364 29,2
Br poly TAP (10%) 80,4 45,5 34,9 28.8
Br TAP (10.9%) 70.6 L2,2 33.5 28.2
TAP-CH Br3 emulsion 62,1 39.8 29,6 25.3
polymer (7-8%)
Diallyl Melamine(6.7%) 96.1 Ly .8 25,2 17.8
Br diallyl Melamine 61,2 43,8 33.4 26,2
(6.8%)
T H P C (16%) 9%.9 50.8 38.6 33.3

i Erifon (16.3%) 98.5 b7.9 4o.2 35.6
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The observation that the rates of thermal decomposition of linen fabric,
cotton fabric, rayon fabric, hydrocellulose and glucose increased in the
order stated (Figure 4 ) suggested a common mechanism for the pyrolysis of
cellulosic materials regardless of degree of polymerization. Additional
evidence for this postulate was provided by the constancy in resulting
pyrolysis chars (Figure 5 ).

The rates of pyrolysis of untreated and treated cellulose samples were
investigated and found to follow first-order kinetics (Figure 6 ). The rates
were not affected by diphenylamine or hydroquinone, indicating that a free
radical process was not involved in the rate-determining process. Relative
rates of reaction and energies and entropies of activation were obtained and
are given in Table VIII, The activation energies were obtained in the usual
mannef by plotting logarithm of rate constant against reciprocal of the
absolute temperature. From the series of parallel lines obtained in Figure 7
it can be seen that the samples studied possessed a fairly constant energy
of activation (33 = 3 keals).

The results suggested a éommon intermediate for the pyrolysis of un-
treated and treated cellulosic samples and were consistent with the mechanism
outlined by Tamaru18 which proposed that the pyroLysis.of cellulose first
involved a depolymerization followed by the competing reactions of destructive
distillation and char formation. The isolation of a glucose anhydride, 1, 6-
anhydro—/@ ~D-gluoo~pyranose (levoglucosan or/é ~glucosan), in 30-40 per
cent yield from the destructive distillation of cellulose by Pictet and

gk
Sarasingsupported the belief that a common intermediate was involved.
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Effect of Heating Rate on the Decomposition Products (Char/Tar Ratio)
from the Pyrolysis of Cotton Khaki Fabric,

400° ¢, 500° c.
Slow® FastP Slow”  FastP
Sample Char/Tar Char/Tar Char/Tar Char/Tar
Untreated fabric 0.45 0.36 0.49 0.23
Fabric treated with:
9.2% (NHQ)ZHPou 3.93 2.57 2.9% 2,24
63 THPC 3.90 2.54 3450 2,12
19.2% Br poly TAP 2,09 1.58 1.88 1.18

aThe samples were placed in test tubes in an electrically heated
aluminum furnace block at room temperature. The block was heated to
the desired temperature and the Pyrolysis continued for 60 minutes.,

A period of 30 minutes was required for the block to be heated to the
desired temperature,

The furnace was preheated to the desired temperature before the
samples were introduced., The Pyrolysis was continued for 40 minutes,

The observed constancy in the énergy of activation indicated that the

low add-on of the fire retardants studied did not have a catalytic effect

on the decomposition,

that the low add-on of treatments studied decreased the cohesion of the

collul ose chains and hence increased the rate of thermal decomposition,
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The data for the kinetic studies described were obtained under con-
ditions in which the temperature variation during individual rate deter-
minations was 5-10° Cs Since such experiments require very precise
temperature control, the control unit for the investigation was modified
by incorporating a capacitance switch to obtain a temperature variation of
+ 0.5o C; With the modified apparatus further kinetic studies have been
started. The program includes the repeating of the previous work for
re-evaluation and the study of increasing %gd-on of various treatments on
the decomposition of cotton fabric.

In recent experiments the rates of pyrolytic decomposition of un-
treated linen and cotton khoki fabric, untreated and treated with melamine-
formaldehyde resin, melamine, formaldehyde and brominated triallyl
phosphate polymer were studied. In Figures 8-14 the first-order curves
obtained are given. Table X summarizes the activation energies (300° C.)
obtained. With the use of an efficient temperature control apparatus an
activation energy for the pyrolysis of untreated fabric approximately 10 kecal,
greater than that observed previously in this laboratory was obtained., A
relatively constant energy of activation w3ty kcal,) was observed for
the majority of the samples studied; however, the value obtained for the
fabric treated with brominated triallyl phosphate polymer (7% add~on) was
approximately 10 kcal. less than that observed for the untreated fabric.
The study of the effect of Increasing add-on of treatment should provide
a possible explanation of this difference.

The results obtnined for the pyrolysis of untreated linen are in
apparent disagreement with those of the earlier studies, Flax fibers
from which linen is Spun, poSsess a more highly ordered arrangement of the

constituent cellulose chains than cotton fibers, as revealed by microscopic

studyzo. The more highly ordered state in linen would be expected to be

characterized by a thermal stability greater than that for cotton.
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However, the recent results, summarized in Table X, were anomalous
The rate of pyrolysis for untreated linen was observed to be consistently
greater than that for untreated cotton khaki fabric at three different
temperatures. Previously linen was observed to decompose at a rate slower
than that for the cotton fabric., Although both studies were completed
using samples from the same piece of linen fabric, the observed anomaly in
rates possibly can be attributed to variations in the preparation, weaving
and finishing of the fabric. Also, the difference in results obtained
might be within the experimental error of the method.

The difference in preparation, weaving and finishing of linen applies
also to all commercially obtained fabrics, thereby questioning the choice
of cotton khaki fabric as an efficient standard in such a basic study as
kinetics of pyrolysis. In order to eliminate this objection a sample of
raw field cotton will be obtained, purified and studied.

The data obtained from the study of melamine-formaldehyde resin and
melamine~treated cotton khaki fabric indicated a greater thermal stability
compared to untreated fabric as evidenced by the slower pyrolysis rates fof
the treated fabric.

The formaldehyde treatment was applied to fabric according to the
procedure of Wagner and Pacsu21, whose studies indicated the formation of
methylene bridges between the hydroxyl groups of different glucose residues,
Such a treatment would chemically modify the cellulose and change the route
of pyrolysis. The observed rate was approximately three times that for
untreated fabric.

The belief that levoglucosan is the intermediate in the pyrolysis of
cellolose was based mainly on the reported isolation of this compound in
substantial yield from the destructive distillation of cellulosel9.
Accordingly, the preparation of this anhydro sugar was undertaken to provide

a supply for pyrolysis studies in order to test the hypothesis.,
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’ Several procedures 19,2223 » involving the destructive distillation of
¢ carbohydrates, were attempted before a satisfactory method was found.
Hydrocellulose was pyrolyzed under reduced pressure in an electric furnace
according to the procedure of Venn.zu A 25 per cent yield of levoglucosan
(based on the weicht of hydrocellulose) was obtained from the resulting
crude viscous distillate. IXperiments were completed to determine whether
the anhydro sugar behaved similarly to cellulose under pyrolytic conditions.
The admixture of 10 per cent of diammonium hydrogen phosphate induced an
initially greater rate of decomposition as compared with an untreated sample
(Figure 15)., In addition, the per cent char resulting at different temper-
atures was greater for the treated than untreated samples. Figures 16 and
17 indicate that untreated and treated levoglucosan react in a manner
V similar to that of untreated and treated cellulose, hydrocellulose and

glucose under pyrolytic conditions.

Insulation Studies.

A study of the insulation afforded cotton khaki fabric by melamine-
formaldehyde resin and other treatments was completed. The relative in-

sulation was determined by a hot plate method. The fabric sample was

placed on the hot plate and covered with an insulated aluminum dish to which
a thermocouple was attached. The increase of temperature with time was
recorded for each determination (figure 18)., The area under each curve

was taken as the relative insulation. The variation of char with temperature
for melamine-formaldehyde resin treated fabric is given in Figure 19.

Figures 20A and 20B indicate a correlation between the insulation effect

and resulting char. The average char per unit area was calculated and

TE found to correlate with the insulation obtained, Table XI outlines the

. l results., ;
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The insulation effect is dependent on the average amount of fabric or
chor between the heat source and receiver over the period of exposure.
Figure 20B indicates that the insulation provided by fire retardant-treated
cotton khaki fabric is near but less than that given by the f;%bric treated
with melamine-formaldehyde resin. This difference can be attributed to the

more rapid decomposition of the former as illustrated in Figure 21,
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Figure 18. Relative insulation determination for cotton and
melamine-formaldehyde treated cotton at 560° C. Variation of
temperature with time by the hot plate method. Cotton fabric,
1; cotton fabric treated with 3.6% m-f, 2; 6.4% m-f, 3; and
15.2% m-f, 4,

e




| ] i

250 “ 300 350 Loo

Temperature (°C.)

Figure 19. Variation of per cent char with temperature in the
pyrolysis of cotton, 1; linen, 2; cotton treated with 1.6%

melamine~formaldehyde resin, 3; and cotton treated with 6.4%
melamine~-formaldehyde resin, 4.
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The insulation to heat provided by different cotton-wool blends was
investigated, The variation of char with temperature is given in Figure
22A, The relative insulation up to 600, 700, and 800° C.y or area under the
char-temperature curves, is illustrated in Figure 22B in which the average
char resulting at this temperature is plotted as a function of blend

composition,
TABLE XI

Cotton Fabric Treated with Melamine-Formaldehyde Resin,
Brominated Triallyl Phosphate Polymer, Erifon, and Tetrakis
(hydroxymethyl phosphonium chloride).

Relative . Relative Relative Relative

Insglation Char area o Insulation Char area

Fabric 560 C. from 200-500%C. 600V ¢, from200-600°¢,
Untreated 206 161 263 183

1.6% M-F? - 178

3.6% M-F 184 195

6.4% M-F 179 208 243 230

15.2% M-F 175 230

BromPoly TAP(19%)b19O 191 235 236

THRC® (16%) 180 210

Erifon (16%) 180 210

- Melamine-formaldehyde resin
b Brominated triallyl phosphate Polymer
¢ Tetrakis~ (Hydroxymethyl)-Phosphonium Chloride

_.a
1
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The Radiant Energy Decomposition of Cotton Fabric

The conventional methods used to study the thermal decomposition of

untreated and treated cotton fabric (electric furnace) indicated a trend
towards increased tar formation with increased rate of applied thermal
energy and increased rate of decomposition, With the development of
modern weapons the study of the exposure of cotton fabric to very rapid
rates of incident énergy wes considered necessary. In order to overcome
the limitations of the €¢lectric furnace in so far as rate of applied
energy was concerned, this laboratory instituted an investigation of the
decomposition of untreated and treated cotton fabric by radiant energy. A
radiant source of energy, capable of amaximum irradiance of 9 - 10 cal,
- sec.-l, was useds The apparatus consisted of a 2,000 watt tungsten
spotlight~type lamp with reflecting and condensing system, variable
resistance and timer-controlled shutter mechanism.

A compact cell assembly, consisting of a Pyrex cell and sample holder,
was designed and constructed for the exposure of fabric samples under
Pyrolytic and oxidative conditions, Since the output data of the instrument
represented a spatial average of the irradiance (cal, cm.n2 sec.-l) of
a circular area of 1 em,? at the focal point of the Source, the sample
holder was designed to accommodate circular fabric samples small enough
(0.95 em, in diameter) to be totally exposed,

Preliminary Investigation and Modification of Apparatuys.

Preliminary experimonts failed to give reproducible results, For
eXample, the per cent of char resulting from the exposure of single
samples of untreated cotton khaki fabric at an irradiance of 7.7 cal.
em.~2 sec,~1 for 5 seconds varied over a range of approximately 30 per

cent,
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The possible causes of the low precision were considered and investigated:

1. Alow unifromity of fabric Samples, A special punch and die
assembly was constructed to provide uniform circular fabric samples
(0.95cm. in diameter),

2. The very low weight of Single samples, In order to overcome the
large error inherent with the use of low weight single samples random
Sampling and the averaging of data from several experiments were
adopted. For char investigations five circular samples were weighed
together and €Xposed singly under the same conditions to constitute
one determination, The average per cent of dried char from five such
determinations constituted one €Xposure. The amount of tar resulting
from an exposure (25 single samples) was determined from the increase
in dry weight of the cell assembly,

3« Erratic timing mechanism causing variation in exposure time., In

satisfactory,

4. Line voltage fluctuation causing variation in source output, A
sensitive voltmeter, connected across the bulh terminals, did not

reveal any appreciable voltage range for any voltage setting,

5. The condensation of tarry decomposition products on the cell

window to decrease radiation intensity, In preliminary experiments

the condensation of tarry products on the cell window wags observed .
Experiments were designed to determine whether this condensation interfered
with the transmission of radiant energy. A serics of CXposures were

completed in which the cell window Was cleaned between detenminations,
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Comparison of the results of these experiments with those of exposures

in which the cell window was not cleaned revealed no appreciable

differences in per cent of char obtained.

6. Modification of apparatus to eliminate mechanical defects.
a. The shutter assembly within the bulb housing was modified
with aluminum shoes and rubber stops tn prevent excessive
vibration and jamming of shutter blade.
b. During the operation of the radiant source apparatus the
bulb housing was observed to become hot. Overheating of this
unit could possibly cause expansion of the brass lens mount and
a subsequent change in focal point of the apparatus. In order
to eliminate overheating, the interior of the housing unit was
painted with a white gloss heat~resistant paint; also the top
vent of the unit was enlarged to provide a greater flow of
cooling air from the attached blower,

During this phase of the investigation it was observed that test

specimens from two different samples of cotton khaki fabric differed markedly

in resistance to radiant energy., Under identical exposure conditions

(3.3 cal. cm.-2 sec.“l for 10 sec.) test specimens from one sample did

not decompose (99% char) whereas test specimens of the second decomposed

readily (63% char). This difference in behavior emphasized the necessity of

using test specimens from the same sample of fabric for comparison studies.
These improvements and modifications of the apparatus produced an

amount of char resulting from the exposure at infinite time of uutreated

and treated cotton khaki fabric which varied within 1l per cent.

Ay
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TABLE XII
Radiant Energy Decomposition of Untreated and Treated Cotton Khaki Fabric

Exposure

Sample Experiment No.

Determination % Char.

Irradiance

§ =2

cal,cm, sec,

=iy

Time
) (sec.)

Untreated fabric 1

Fabric treated with:

9.4% (NHy)HFO, 1

16.3% THFC 1

6.1% Br poly TAP 1

18.3% Br poly TAP 1

FLONMKF VW R WnEWND R

FLONKF Gowp NEWNDEFE nwn R FLONMKH wPuwupnpp

13.7
12,5
13.0
12.8
14.0

17.5
17.7
17.9
17.2
17.2

24,2

29,1
30.3
29.9
31.4
29.3

47.3
L7.3
bs.5
43.8

31.7
28,7
28,5
2747
25.7

45,9
434
47.1
43,9
42.8

17.8
18,2
18.3
18,6
18.3

62,1
60.8
60,9
60.2

5.3

7e7

53

3.3

3.3

5.3

8

25

10

11

10
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Wwas studied. This f:obric offered a much greater resistance to decomposition
than was observed rfor untreated cotton khaki fabric, This difference in
behavior undoubtedly results from the wide variation in reflectance
Properties of both fabrics.
: TABLE XIII
Comparison of Radiant Energy Decomposition of

f Untreated 80 Square Cotton Fabric with
k Untreated Cotton Khaki Fabric

Sample Exposure % Char

Irradiance 1 Time
Experiment No, _(ave,) (cal.cm,"?sec,”t) (sec,) -
80 Square
i Cotton fabric 1 98 7e7 11
i 2 97 7e7 13
| 3 95 747 14
j 4 65 7.7 18
Cotton khaki 1 17.5 3.3 25
2 13.2 5.3 8
3 12.4 77 5
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Experiments were started on a comparison of the radiant enexgy decom-

S ST g

-

1 position of untreated and treated cotton khaki fabric with the thermal
decomposition of the same fabrics (electric furnace) at different rates.
In all cases pyrolytic conditions were maintained, and the decompositions
position carried out to infinite time. As shown in the following table,
} an increased rate of incident energy on the samples produced larger

. quantities of tars,

TABLE XIV

1 Effect of Varying Rates of Thermal Decomposition of Cotton Khaki
Fabric on the Amount of Char and Tar Produced

N - Char/Tar Ratio

i Furnace Block Decomp, Radiant Eneggx Deiomg.
i Looo ¢, 500% C, (5.3 calecme~<sec,~tfor 8sec

! a b
& Sample Slow™ Fastb Slow Fast

Untreated fabric 045 036 0.49 0.23 0.35

Fabric treated with:
9.2% (NHu)ZHP043.93 2.57 2.96 224 1.27

16% THPC 3490 2,54 3.50 2,12 0.88

19.2% Br poly 2.09 1.58 1.88 1.18 0.48
TAP

i
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Spectral Response of the Tungsten Lamp.

{ The spectral distribution of the tungsten lamp was measured with a
Perkin-Elmer Double Pass Monochromator, Model 99, Serial 8, equipped
with a sodium chloride prism., The output was amplified and rectified by
means of a PerkineElmer Narrow Band Amplifier, Model 107, and recorded on
a Leeds and Northrup Speedomax, Type G.

The spectral response was determined for bulb voltage imputs of
30-100 v. The wavelength range of the radiation output was 0.75 - 2.2/4(
Energy was not obtained at wavelengths greater than 2.2/{because

of the absorbing properties of the condensing lens system. A neglible
veriation in maximum radiation wavelength (1l.34 - l.'+3/r) indicated a
relatively constant black body temperature of the source within the
limits of applied bulb voltages (30-100v.),.

Temperature Measurement.,

An apparatus for the measurement of temperature behind fabric samples

' during exposure to the radiant energy is under construction, A rapid

response thermocouple with a time constant of approximately 25 milli-
seconds has been prepared from one mil platinum~rhodium and gold=-palladium
wirea. The thermocouple will be incorporated in a Teflon mount. The
Pyrex cell will be modified to accommodate the thermocouple housing,

A Brown Electronik Recorder will be used to record the e. m. f. produced

at the thermocouple by the heat behind fabric samples.
Experimental.

Circular samples of fabric were dried over anhydrous calcium
chloride for at least 24 hours. The dried samples were weighed in groups
of fiveb.

& The thermocouple was obtained from the Eppley Laboratories, Newport,R.I.

A group of five samples weighed together and exposed singly under
identical conditions constituted one determ’  ation. Five such
determinations represented one exposure.




i .

¥ A single fabric sample was mounted on the dry, previously weighed

; sample holder with the aid of a specially constructed jig assembly. The
holder was then placed within the dry, previously weighed Pyrex cell.,
Exposure to radiation was completed under an atmosphere of dry nitrogen,
The per cent of char was determined from the average dry weight of residue

! resulting from five determinations (one éxposure). The amount of tar was

determined by the net gain in dry weight of the cell assembly after an

exposure .
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